We imposed an alternating current on a commercially used aluminum alloy to control its solidified structure. It was applied in the initial stage of the solidification in a static system and during pouring from the tundish to the mold in a flowing system. In the static system, the solidified structure around the electrodes changed from a dendritic structure to an equi-axed one by imposing the current. However, equi-axed structure was not observed at the bottom of the vessel because the primary solid particles in the liquid phase remelted by the sedimentation to a relatively high temperature region. In the flowing system, the solidified structure was also modified from a dendritic structure to an equi-axed structure by imposing the alternating current except for the finally solidified region. The reason why the dendritic structure was obtained at the finally solidified region is that the current did not flow in the metal because of the discontinuous melt dripping in the pipe between the tundish and the mold in the last stage of the pouring. Therefore, it has been confirmed that imposition of the alternating current on the aluminum alloy during its solidification is a useful tool for modification of the structure from dendritic to equi-axed structures.
Introduction
Solidified structure control of metals and alloys are a useful tool for improvement of mechanical properties such as strength and elongation and so on. Therefore, some methods for structure control of the metals and alloys have been utilized in industry. Addition of the inoculants is a popular way in foundry, however, recycling of the metals and alloys might be problem in this process. Rapid cooling is a useful method for refinement of a solidified structure. But, this method can not be applied for large size products because the heat extraction from the center of the hot product is limited by its own thermal properties. These problems can be solved by an electromagnetic refining method of the solidified structure. Vives obtained equi-axed structure of an aluminum alloy by a simultaneous imposition of a static magnetic field and an alternating current on the sample. 1) Radjai and Miwa's group verified that the solidified structure of Al-17%Si and Al-7%Si alloys was refined by cavitations induced in the alloys by the simultaneous imposition of the static magnetic field and the alternating current. 2, 3) In these processes, the electromagnetic vibration was excited in the whole region in the sample. On the other hand, Kawai et al. refined a Sn-10 mass%Pb alloy by a local excitation of the electromagnetic vibration, 4) and effect of operating parameters on the solidified structure 5) and refining mechanism 6) have been investigated. Moreover, Usui et al. experimentally showed that a simultaneous imposition of the static magnetic field and a direct current is also useful tool for solidified structure refinement. 7) However, a simple method without the magnetic field is desired for industrial application of electromagnetic refining process, though conventional electromagnetic methods mentioned above require the static magnetic field. Du et al. modified primary Mg 2 Si crystals in a hypereutectic Mg-Si alloy by applying only an alternating current using a static system. 8) Furthermore, structure control of metals and alloys using the electromagnetic vibration should be confirmed in a flowing system for industrial application such as foundry.
In this research, an alternating current was imposed on an aluminum alloy both in the static system and in the flowing system to investigate the solidified structure. We focused on the effect of applying region of the alternating current on the solidified structure in the static system while the solidified structure in the sample depends on not only the current applying region but also the experimental parameters such as temperature distribution, frequency and magnitude of the current and so on. And the structure change with and without the alternating current imposition on the sample in the flowing system has been confirmed using a commercial aluminum alloy.
Experiment

Confirmation of liquidus temperature
We used a JIS AC4C alloy (Al-7 mass%Si-0.3 mass%Mg) as a sample in this experiment. The sample in an electric furnace was heated to 800 C and then its power was turned off to cool the sample in it. The sample temperature was measured using a K-type thermo-couple. The measured cooling curve is shown in Fig. 1 . Thus the liquidus temperature of this sample was 621 C or a little bit above and the solidus temperature was evaluated as 578 C, respectively. These two temperatures roughly agree with the liquidus and eutectic temperatures of Al-7 mass%Si alloy.
Static System 2.2.1 Experimental apparatus and procedure
An experimental apparatus used in the static system is shown in Fig. 2 . A NC-type tammann tube with inner diameter of 17 mm, outer diameter of 21 mm and height of 60 mm was used as a crucible. A 20 g sample set in the crucible was melted and was kept to 680 C in the electric furnace. Then, the power of the furnace was turned off to cool down the sample in the furnace. Temperatures at the positions of 10 mm and 30 mm below from the top surface of the molten sample were measured using K-type thermocouples. A couple of tungsten electrodes with diameter of 3 mm which was covered by an electrical insulator except its 3 mm tip, was inserted into the sample to supply an alternating current during the sample solidification. Frequency and magnitude of the alternating current were 2 kHz and 80 A, respectively. Inserting depth of the electrodes was either 10 mm or 30 mm where the temperature was measured by the thermo-couple as mentioned above. The alternating current was turned on when the temperature measured at the electrode became 640 C and it was turned off when the temperature decreased to 618 C. After the complete solidification of the sample, it was vertically divided into two pieces, and one of its vertical cross sections was polished and finally etched for micro-structure observation. The chemical etching solution was composed of 10 g ferric chloride (FeCl 3 Á6H 2 O), 30 ml hydrochloric acid (35%) and 5 ml distilled water. The etching time was about 15 s in the static system while it was about 1 minute in the flowing system mentioned below.
Temperature history
Measured temperature histories in the sample and the imposing duration of the current are shown in Fig. 3 . The temperature at the position of 30 mm below from the top surface was about 20 K higher than that of 10 mm below in the case that the inserting depth of the electrodes was 30 mm. Therefore, Rayleigh-Benard convection might be induced. The critical Rayleigh number over which the convection is induced increases with decrease of the horizontal length. For example, it is 1700 for an infinitely extended liquid in horizontal direction while it is 6800 for a liquid in a cubic box, if both the upper and the lower interfaces are a fixed boundary. 9) Increase in the critical Rayleigh number is also expected under the condition that the upper interface is a free boundary. This corresponds to the experimental condition adopted here. Because the critical Rayleigh number in this experimental condition is calculated as 2300 and the critical Rayleigh number for an infinitely extended liquid in horizontal direction with an upper free boundary is 1100, the convection by temperature difference might not be induced or might be weak in this experiment. Therefore, the driving force of the convection is the current imposition in this experiment. Cooling rate at the position of 10 mm below from the top surface was roughly constant during the solidification. On the other hand, slow cooling rate around 621 C which was agreed with the liquidus temperature shown in Fig. 1 , was observed at the position of 30 mm below from the top surface. This suggests that temperature uniform region was formed around there because convection was induced by the current imposition, and latent heat caused by nucleation was released at the same time around this region. Since the slow cooling rate was not observed at the position of 10 mm below from the top surface, this position was out of the convection region. The convection region might be a length of the same order with the current passing region where the electromagnetic force was induced in the sample in this experimental condition as reported in the previous study. 10) Actually, the distance between the two temperature measuring positions of 20 mm was larger than the electromagnetic skin layer for a liquid aluminum in this experimental condition. It was calculated as 5.5 mm using eq. (1). 
where is electrical conductivity, 0 is magnetic permeability in vacuum and f is frequency of alternating current, respectively.
The current tends to flow directly between the electrodes rather than it flows along the surface of the electrical insulators, because the 9 mm distance between the two electrodes is only 1.6 times of the 5.5 mm electromagnetic skin layer.
Decrease of the cooling rate was also observed around 578 C. This was caused by latent heat release of eutectic composition at the final stage of the solidification. In the case that the inserting depth of the electrodes was 10 mm, only the temperature history measured at the position of 10 mm below from the top surface is shown in Fig. 3 because the thermocouple at the 30 mm depth position did not work. Cooling rates around 621 C and 578 C also decreased and these reasons were the same with those mentioned above.
Solidified structure
Micro-structures of the samples whose temperature histories are shown in Fig. 3 were observed at the four positions along centerline of the vertical cross section. The observed positions and the corresponding micro-structures are shown in Fig. 4 . Dendritic structure is observed at the positions of 20 mm and 30 mm below from the top surface of the sample in the case of the 10 mm inserting depth of the electrodes. On the contrary, broken dendrites are observed at the positions of 5 mm and 10 mm below from the top surface of this sample.
The latter areas must correspond to the current passing region or convection region induced by the current imposition. After all, dendrites were broken only in the vicinity of the current passing region in this sample. On the other hand, dendritic structure is observed not only the upper region where the electrodes are far away but also the lower region in the sample in the case of the 30 mm inserting depth of the electrodes. Thus, the alternating current did not show a refining function of a solidified structure in this sample. Pores are observed at the lower area of the both samples which was the final part of the solidification as expected from Fig. 3 . The estimated reason why the solidified structure was affected by the inserting position of the electrodes is mentioned below.
Primary solid particles in the liquid phase fall down because of their density difference, and this might induce remelting of the solid particles. Falling velocity of a spherical solid particle in the liquid phase can be calculated using the Stokes' law.
where g is acceleration of gravity, L is falling distance, r is particle radius, t is time, v is falling velocity of particle, is viscosity, Á is density difference between liquid phase and solid particle, respectively.
Falling time of 10 mm distance in this experimental condition estimated using eq. (2) is shown in Fig. 5 . Adopted values of the viscosity and the density difference in the calculation were 1.3 mPaÁs and 300 kg/m 3 , respectively. The falling time of 10 mm distance for a solid particle with 45 mm radius is 10 s. This is shorter than the solidification time of about 200 s estimated from Fig. 3 . On the contrary, a solid particle with 4.5 mm radius must remain around its nucleated region and grow there under a convection free condition because its falling time with distance of 10 mm is estimated as 1000 s. However, real falling time is shorter than the time estimated in Fig. 5 because shape of the primary solid particle is not a sphere. For example, the falling velocity of a dendrite with aspect ratio of 8 is about 60% of that of a spherical solid.
11)
Under the physical consideration mentioned above, formation mechanisms of the solidified structure in the two samples are supposed as follows. In the case that the inserting depth of the electrode was 10 mm, small solid particles were produced by breaking dendrites into pieces around the electrodes by the alternating current imposition. 6) Small solid particles whose radius was mm-order or smaller moved only few distances and grew there and thus the broken dendritic structure was formed around the electrodes. On the other hand, large solid particles born around the electrode fell down and remelted because the temperature at the bottom was relatively high than that at the top in the sample. Therefore, refined structure is not observed in the bottom region in this sample. In the case that the inserting depth of the electrode was 30 mm, the dendritic structure is observed at the upper region in the sample because the refining effect of the current imposition during the solidification was neglected there. Because the sample solidified from the top to the bottom, some of floating solid particles born in the upper region fell down and grew in the lower region though the temperature was relatively high, if their size was enough large. These particles were not broken into pieces since the current imposition was effective for refining the structure only in the initial stage of the solidification. 5) Therefore, the dendritic structure is also observed at the bottom region.
Flowing system 2.3.1 Experimental apparatus and procedure
Experimental apparatus is shown in Fig. 6 . A molten sample of 300 g was kept in a ceramic tundish of 72 mm outer diameter, 60 mm inner diameter and 120 mm height. Temperature was measured at the position of 30 mm lower from the top surface of the melt in the tundish by a K-type thermocouple. A ceramic tube of 155 mm length, 9 mm inner diameter and 13 mm outer diameter was connected with the bottom of the tundish. A pair of tungsten rods with 3 mm diameter was inserted at the lower and upper parts of the ceramic tube as shown in Fig. 6 to apply the alternating current to the molten sample. When the temperature of the molten sample in the tundish was stably 620 C, the stopper was pulled out to flow the molten metal into the ceramic tube, and the alternating current was automatically turned on. Intensity and frequency of the current were 60 A and 2 kHz, respectively. The applied current must pass across the whole cross section of the flowing sample between the two electrodes because the electromagnetic skin layer in this experimental condition of 5.5 mm was larger than the inner radius of the ceramic tube. The molten sample flowing into the graphite mold through the ceramic tube solidified in the mold. Temperature in the mold was measured at the position 45 mm above from the bottom using a K-type thermo-couple. To avoid rapid cooling of the sample, the mold was preheated to 520 C. After the solidification, the sample was vertically cut into two pieces, and one of its cross section was polished and chemically etched. Then, micro and macro structures were observed.
Temperature history
Temperature histories of the samples with and without the current imposition measured at the tundish and at the mold are shown in Fig. 7 . In the case without the current imposition, the temperature at the tundish decreased with oscillation once the stopper was pull out. Because of fluid motion caused by pulling out of the stopper, non-uniform temperature distribution in the tundish was elicited as the temperature oscillation. Time lag of 3 s was observed between the start of temperature increasing measured at the mold and the pulling out of the stopper. Then the temperature measured at the mold increased gradually and reached about 613 C. On the other hand, noise was excited at the tundish as soon as the stopper was pulled out in the case of the current imposition, and it continued 7 s. This was roughly agreed with the pouring time of the sample by eye observation from the tundish to the mold. Therefore, the noise was caused by the current imposition. The time lag between the start of temperature increasing measured at the mold and the pulling out of the stopper was 3.5 s in this case. This was slightly longer than that observed in the sample without the current imposition. The difference might be caused by inertia of the liquid motion in the tundish or might be within a range of measurement error. Anyway, the filling time of the melt to the thermo-couple position in the graphite mold was about 3 s. The observed maximum temperature at the mold of 617 C was close to that of 613 C in the case without the current imposition. And the temperature of the sample flowing in the current imposition region must be between these two temperatures of 617 and 613 C, and the pouring temperature of 620 C.
Solidified structure
Appearance of a solidified sample and macro structures of the vertical cross section solidified with and without the current imposition are shown in Fig. 8 . A lot of pores and coarse dendrites are observed in the upper region of the sample without the current imposition while relatively few pores and dendrites exist in the sample with the current imposition. This region must be the final solidification part because the pores are mainly observed there. The dendritic area in the sample without the current imposition is larger than that with the current imposition.
Micro structures solidified with and without the current imposition are shown in Fig. 9 . Observed areas of the micro structures are 5 mm, 15 mm and 40 mm below, respectively, from the top of the solidified sample along the centerline of the cut-section. In the case without the current imposition, dendritic structure is observed at the positions of 5 mm and 15 mm below from the sample top. Broken-dendrite structure is observed at the position of 40 mm below while some dendrites still remain. This structure might be caused by impact of the flowing metal against the mold bottom and subsequent rapid cooling. For the sample with the current imposition, equi-axed structure is observed at the positions of 15 mm and 40 mm below from the sample top. Dendritic structure is observed only at the position of 5 mm below from the top where the molten sample finally solidified in the mold as mentioned above. Because the melt discontinuously dripped in the pipe in the last stage of the pouring, the current did not flow in the sample. Thus, the finally solidified region was not refined in this process. On the other hand, the equi-axed structure observed at the middle region in the sample might be formed by the current imposition effect. Therefore, the solidified structure can be controlled by imposing the alternating current during the melt pouring. Optimization of operating parameters in this process is further investigation. 
Conclusion
We imposed the alternating current on the commercially used aluminum alloy of AC4C during its solidification to control its solidified structure both in the static system and in the flowing system. In the static system, solidified structure around the electrodes was changed from dendritic structure to equi-axed one by imposing the current. However, the equiaxed structure was not observed at the bottom because solid particles in the liquid phase remelted by the sedimentation to relatively high temperature region. In the flowing system, the solidified structure was also modified from the dendritic structure to the equi-axed structure by imposing the current during its pouring from the tundish to the mold except the finally solidified region. The reason why the dendritic structure was obtained at the finally solidified region is that the current did not flow in the sample because of the discontinuous melt dripping in the pipe in the last stage of the pouring. Therefore, it has been confirmed that imposition of the alternating current on the aluminum alloy during its solidification is a useful tool for modification of the structure from dendritic to equi-axed structures through these results. 
